Contextual effects abound in vision. The tilt illusion (TI) is an example-a tilted surrounding annulus causes a vertical central pattern to appear rotated away from the surround. We investigate the dynamics of this effect by presenting components of the stimulus asynchronously. At equal contrast, the largest illusion occurs when centre and surround are presented simultaneously. We vary the spatial gap between centre and surround, the relative contrast and depth and find that these segmentation cues result in a reduced TI upon simultaneous presentation, but not all other times. This reveals the dynamics of orientation and other segmentation cue interactions.
Introduction
The tilt illusion (Gibson & Radner, 1937) has long been considered to be caused by lateral interactions in the visual cortex (Wenderoth & Johnstone, 1988a) . In this illusion, a surrounding grating oriented approximately 15°from a central vertical grating causes the central grating to appear tilted in the opposite direction. This is a clear example of one spatially localised population of orientation tuned neurons (responding to the surround) altering the responses of another population of orientation tuned neurons (responding to the central grating). As the first example of orientation tuned neuronal responses occurs in primary visual cortex (V1) and we know that long-range lateral connections exist between differentially tuned cells in this area, it seems a likely candidate for the mediation of this illusion.
The TI is an example of a simultaneous contrast effect, which also appear in the form of brightness (Leibowitz, Myers, & Chinetti, 1955) and colour (Zaidi, Yoshimi, Flanigan, & Canova, 1992) illusions, where image contrast in a given visual dimension is enhanced in the final percept. The TI is related to contextual effects on orientation tuned cells in V1 seen at single cell level. It has been found that a surround pattern can cause inhibition or facilitation (dependent on the orientation of the surround) and also shifts in orientation preference and changes in orientation bandwidth (Gilbert & Wiesel, 1990) . This modulation of the responses to the central receptive field could cause the change in perceived orientation.
Considering the TI inducing centre-surround stimulus as one that is spatially segregated by orientation cues, we can also consider what happens upon asynchronous presentation, i.e., when temporal segregation is introduced. Fahle (1993) showed that a temporal phase lag between background and figure presentation can be used as a segregation cue at very short SOAs of a few milliseconds. We will measure the dynamics of the TI to reveal the temporal tuning of low-level orientation mechanisms and in particular the role of these mechanisms over the evolution of a percept in forming a figure-ground representation. Previously the TI has been measured only for simultaneous presentation. The sole example of a study of the timing of the TI was conducted using the rod and frame version of the illusion and the greatest effect was found when both parts of the stimulus were presented simultaneously (Matin, 1974) . We will use a centre-surround configuration, creating a larger illusion, thereby making it easier to manipulate the effect under different stimulus conditions. The stimulus will be presented very briefly in order to induce as large an illusion as possible (Calvert & Harris, 1988; Wenderoth & Johnstone, 1988b) , making any changes in magnitude more discernible.
We then examine the influence of spatial segmentation cues between the centre and surround and how these combine with temporal segmentation cues. This brings us closer to a real-life situation where segregation cues often occur in concert. We begin by introducing a spatial gap between centre and surround and then we change their relative contrast-these spatial cues have been manipulated for the simultaneous condition previously. Both these factors might be expected to affect the time at which the interactions between centre and surround occur. Introducing a spatial gap increases the propagation time of signals from the surround to the centre. Lowering the contrast increases the response time of orientation tuned cells. The results for introducing a gap are clear in the simultaneous case-the size of the illusion is reduced (Virsu & Taskinen, 1975; Wenderoth & Johnstone, 1988a , 1988b Wenderoth, van der Zwan, & Williams, 1993) . Manipulations of contrast have produced more equivocal reports in the past. Reducing contrast in the whole display has been reported to have no effect (Westheimer, Brincat, & Wehrhahn, 1999) or increase the size of the illusion (Smith & Wenderoth, 1999) . It has also been found that reducing contrast in the surround reduces the illusion size and reducing contrast in the centre also reduces the illusion size (Smith & Wenderoth, 1999) . We will also investigate the effect of varying relative depth from stereoscopic disparity, which gives a segmentation cue not simply caused by a spatial gap or varying contrast and is arguably processed higher up in the visual hierarchy than V1 (Brouwer, van Ee, & Schwarzbach, 2005; DeAngelis & Uka, 2003; Maunsell & Van Essen, 1983) .
Experiment 1-Asynchronous presentation
We began by measuring the baseline condition in which centre and surround contained the same level of contrast and were presented abutting, at varying degrees of asynchrony.
Methods
Stimuli were presented on a high-resolution CRT monitor (1024 · 768 pixels, 120 Hz refresh, SONY multiscan G520) controlled by a VSG graphics board (VSG2/5 www.crsltd.com) programmed in Matlab (www.mathworks.com) on a PC. In all experiments, subjects were seated 57 cm away from the screen and made use of a chin-rest. All had normal or corrected-to-normal vision. The stimulus was presented on a gray (approx. 60 cd/m 2 ) background. The experiment took place in a dark room with no ambient light. All stimuli were presented within a circular aperture.
The central circular test grating was 3°in diameter and the surrounding annular grating was 15°in diameter. Subjects fixated on a central black (approx. 0 cd/m 2 ) fixation point. Both central and surround grating had a spatial frequency of 1 cpd. The surround grating was oriented at ±15°to vertical. The orientation of the central grating was varied around the vertical to obtain a psychophysical measure of subjective vertical. In both the centre and surround phase was randomly varied. We measured the subjective vertical using the U method of Bayesian adaptive parameter estimation, interleaving the ±15°surround conditions with 30 trials for each (Kontsevich & Tyler, 1999) . The magnitude of the TI is taken as half the difference between subjective vertical for the two surround orientations. The task was a single-interval forced choice, reporting whether the central grating appeared tilted left or right. To minimize transients, each grating was presented in a Gaussian temporal window so that the gratings gradually increased and then decreased in contrast over time. The Gaussians were 20 ms full-width at half-height. The difference in time between the two peaks was taken to be the asynchrony in presentation.
For each subject we first measured their subjective vertical by presenting only the central test grating. In the first experiment, both centre and surround were of 50% contrast and centre and surround were abutting (see Fig. 1 ). We measured the TI for seven subjects (two authors, five naïve) at seven SOAs between À200 and 100 ms (negative time indicates the surround was presented ahead of the centre). Experiments were undertaken with the understanding and written consent of each subject.
Results
We found that the largest average tilt illusion (4.2°) occurred when the centre and surround were presented simultaneously (see Fig. 1 ), with a main effect of SOA as expected (F 6,36 = 14.2, p < 0.0005). However, we found that even when the surround was presented 200 ms before the centre there was still an average tilt illusion of 1.6°w hich a post hoc two-tailed t test revealed to be significantly greater than 0°(t 6 = 3.30, p < 0.05). This suggests that even when the centre and surround are perceptually separated in time a tilt illusion occurs (presumably due to the visual persistence of the surround). However, the tilt illusion increases as the two parts of the stimulus become closer in time. The effect then drops off sharply once the centre is presented ahead of the surround.
Experiment 2-Introducing a spatial gap

Methods
Stimuli were as described in Experiment 1, but we now introduce a spatial gap between the centre and the surround by inserting an annulus around the centre. The annulus is the same colour as the background and either 1°or 0.5°of visual angle wide (in effect chopping off the inner edge of the surround, see Fig. 2 ). Four subjects (two authors, two naïve) participated in both the baseline and the gap conditions, and seven SOAs between À200 abd 100 ms were measured for each on each condition.
To further investigate what happens to the tilt illusion closer around the simultaneous point, we repeated the experiment for four subjects (one author, three naïve) at 11 SOAs between À50 and 50 ms.
Results
We compared the baseline and the two gap conditions. See Fig. 2 for averaged results. As expected, there was a main effect of SOA again, i.e., relative timing of presentation affected the TI (F 6,18 = 23.7, p < 0.0005). However, we found no significant main effect of size of gap, but instead an interaction between the size of the gap and the SOA (F 12,36 = 2.82, p < 0.01). The interaction indicates that the difference over conditions only exists at certain SOAs. By examining the averaged data, it is clear that the biggest difference is around the simultaneous presentation time. The introduction of a spatial gap has broadened the previously sharp temporal tuning of the TI, so there is now no peak at 0 ms SOA. When we measure the TI around this time in smaller time steps (see Fig. 2C ) we find that there is a main effect of SOA (F 10,30 = 2.69, p < 0.05), so that even over this short time window the relative timing of centre and surround does affect the TI. However, there is now a main effect of size of gap (F 1,3 = 26.2, p < 0.05) and no interaction, suggesting that the size of the illusion is equally reduced over all timing conditions when they are all close to the simultaneous point. Hence, by testing at time points closer to 0 SOA we find that the effect of the gap is to reduce the TI at all SOAs close to the simultaneous presentation point. This confirms in greater detail what we saw on a larger timescale: the TI is reduced near to 0 ms SOA, but not at greater asynchronies.
The above results indicate that introducing a spatial gap only reduces the TI when centre and surround are presented close in time (within 50 ms). We wondered if this was because the spatial gap provides a segregation cue at small SOAs, in the same way the temporal gap provides a segregation cue at large SOAs, and it is this that reduces the magnitude of the illusion. We carried on our investigation with a further low-level segregation cue known to influence the TI: contrast differences.
Experiment 3-Reducing contrast in centre and/or surround
We were interested next in finding out if reducing the contrast in parts or all of the stimulus-resulting in a segregation cue when centre and surround are of different contrast-would change the pattern of the TI over time.
Methods
Stimuli were as described in Experiment 1, except we now lowered the contrast to 12.5% in either just the surround, just the centre or in both. Five subjects (two authors, three naïve) participated, there were 2 · 2 · 7 conditions: centre 50%-surround 50% (our original baseline), centre 12.5%-surround 50%, centre 50%-surround 12.5%, and both 12.5%, at seven SOAs between À200 and 100 ms.
Results
For averaged results see Fig. 3 . We observe that in the case of the differential contrast conditions the temporal tuning of the tilt illusion is altered. The greatest TI now occurs in both cases when the surround is presented before the surround, which is somewhat surprising, given the two opposite configurations. However, if we consider our results in light of the relative reduction of the TI at 0 ms SOA versus the other time points, our results reveal a similar pattern as in Experiment 1. Again, we found a main effect of SOA (F 6,24 = 37.0, p < 0.0005). There is no main effect of changing the contrast of the centre or the surround by themselves, but there is an interaction between centre and surround contrast (F 1,4 = 12.0, p < 0.005) and perhaps even more importantly there is an interaction between centre and surround contrast and SOA (F 6,24 = 6.31, p < 0.0005). The first interaction suggests that it is only when the contrast in centre and surround differ in contrast that the magnitude of the tilt illusion affected. The second interaction suggests that the difference in contrast between centre and surround has a greater effect at some SOAs than others. Again, by examining the graphs and looking at the conditions where there is a difference between centre and surround contrast we find that the difference appears to be a drop in the tilt illusion around the time of simultaneous presentation. It is when centre and surround are of different contrast that again an extra segre- gation cue is provided, which seems to reduce the magnitude of the tilt illusion when there is no temporal segregation cue. We went on to investigate whether introducing retinal disparity induced depth between the centre and surround, whilst maintaining the same levels of contrast and minimising the 2D spatial gap, will still result in a reduction of the TI around 0 SOA.
Experiment 4-Varying disparity depth cues
In this experiment, we varied whether the centre appeared closer to or further from the observer than the surround, which appeared at the same depth as before.
Methods
The stimulus was presented to each eye separately using stereoscopic mirrors. Each eye's view was presented within a circular aperture. The surround was the same size and contrast as in Experiment 2 in the 0.5°c ondition (i.e., 0.5°of the inner edge of the surround was chopped off). Within the centre of the surround on a grey background, the centre and fixation point were either presented 20 min arcs to the left of centre in the left eye and 20 min arcs to the right of centre in the right eye, which gave the subjective percept of the centre being further from the observer than the surround, or the centres in the two eyes were shifted the other way, which gave the subjective percept of the centre appearing closer than the surround. The gap between central and surround was necessary to be able to shift the central part of the stimulus in opposite directions in each eye to create a depth percept. A baseline condition the same as Experiment 1 (with no segregation cue at all) was used for the three subjects (one author, two naïve). Seven SOAs were measured between À200 and 100 ms Fig. 4 .
Results
As before, there was a significant main effect of SOA (F 6,12 = 18.8, p < 0.0005). There was no main effect of depth, instead, again we found a significant interaction for depth and SOA (F 12,24 = 3.78, p < 0.005). By examining the averaged results (Fig. 5) , it is clear again that the biggest difference in the tilt illusion occurs when centre and surround are presented simultaneously. Note that the reduction is greater than in the 0.5°gap case (Fig. 2B) , so is not simply due to the small physical gap between the centre and surround. It appears the segregation cue provided by depth has the same effect of reducing the tilt illusion when there is no temporal segregation as the other cues above. This is interesting as although there are disparity tuned cells in V1, it is thought that the calculation of depth does not occur until extrastriate areas such as MT/V5 (Brouwer et al., 2005; DeAngelis & Uka, 2003; Maunsell & Van Essen, 1983) . However, we cannot exclude the possibility that differences in disparity alone are influencing the strength of the TI in V1 rather than depth processing further upstream from V1 causing the reduction.
Experiment 5-Dichoptic viewing
If the temporal pattern is changed due to dichoptic presentation, that would imply that the change in TI is due to the interaction of monocular cells, before the binocular stage is reached. In particular, if the temporal pattern changed in the same way as in the previous experiments-with a drop in the TI at the 0 SOA point-the results so far could be caused by reduced responses from monocular cells. Dichoptic viewing also provides a further crucial example where centre and surround are segregated by orientation alone. As any manipulation so far resulted in a reduction in TI, we were interested in a change in the stimulus that should not cause a modulatory effect. We presented the surround to one eye and the centre to the other eye to see what the effect on the pattern of the TI over time would be.
Methods
The stimuli were the same as in Experiment 1, apart from the fact that the surround was presented in one eye with a grey centre (the same colour as the background) and the fixation in the centre and the central oriented part of the stimulus was presented in the other eye with a fixation in the centre of it. Both were viewed through circular apertures. Three subjects (one author, two naïve) were tested on nine SOAs, the baseline condition from Experiment 1 was contrasted with the dichoptic condition. Two subjects had the surround in the left eye, the other subject in the right.
Results
Inspection of the averaged data (Fig. 5 ) reveals that dichoptic viewing makes no difference to the size of the TI over any of the SOAs, which is reflected in the only significant effect being over different SOAs (F 8,16 = 9.96, p < 0.0005). Although it is unusual to find such complete interocular transfer for the tilt illusion, previous work agrees that the illusion does transfer to a large amount (Clifford & Harris, 2005; Forte & Clifford, 2005; Wade, 1980) . The result here further confirms that it is the perceptual separation that affects the size of the tilt illusion, as in the dichoptic viewing condition there is no perceptual separation apart from the orientation cues at the simultaneous presentation. Furthermore, this demonstrates that the reduced illusion found in the previous conditions is due to purely cortical effects.
General discussion
Our results have shown that in conditions when the only feature difference between surround and centre is orientation, the tilt illusion is greatest when the centre and surround are presented simultaneously. However, the introduction of an additional segregation cue such as a spatial gap, differential contrast or relative depth reduces the size of the tilt illusion when the two parts of the stimulus are presented simultaneously. This is shown in each case by the significant interaction when comparing abutting gratings containing only orientation segregation cues with other conditions. The interaction is between SOA and presentation condition, implying that the tilt illusion is more reduced at certain SOAs than others. Inspection of the data each time reveals the biggest difference to occur around the 0 SOA point. It appears that when the two parts of the stimulus are perceptually segregated by either asynchronous presentation or some other spatial cue than orientation, the modulatory effect of the surround on the centre is attenuated. In other words, it seems that when orientation is the only segmentation cue, we experience the full extent of the tilt illusion, but with other segmentation cues this is attenuated to some extent. This implies that the mechanisms underlying the tilt illusion might aid in the segmentation of surfaces by emphasising the difference in orientation but, when surfaces are already segmented, this aid is no longer needed and a more accurate representation of the central orientation can be formed.
This finding agrees with former work in which a different example of a segmentation cue was used-colour. Clifford, Spehar, Solomon, Martin, and Zaidi (2003) found that the tilt illusion was greatest when centre and surround were the same colour and was sensitive to a difference of colour between centre and surround. Their work investigated whether higher-level cortical colour mechanisms were involved in the TI. Our effect of perceived depth on the tilt illusion raises the question of whether the TI may be mediated at a level where depth from disparity is processed or whether feedback from this level may be involved in reducing the influence of the surround. Alternatively, it is possible that a discontinuity in disparity cues in V1 may be leading to the reduction of the TI.
In our stimulus, we do not mask the surround and hence it visually persists over time. Clifford and Harris (2005) investigated the effect of masking the surround to the extent that it is never perceived. They find a reduced, but still significant TI. Again, in this case there is no need for orientation to play a segregation role. The residual tilt illusion we find is what appears to remain after the attenuation caused by segregation. In the masked case it may be the lack of awareness of the surround-and hence a reduced role for segregation-attenuating the illusion.
van der Smagt, Wehrhahn, and Albright (2005) recently investigated the role of V1 cells in surface segregation, using contrast and orientation segmentation cues in the extra-classical receptive field surround of a cell and measuring firing rates. It is known that a surround of the same orientation and contrast has a suppressive effect on the response to the central stimulus (Fries, Albus, & Creutzfeldt, 1997; Gilbert & Wiesel, 1990; Levitt & Lund, 1997) . van der Smagt et al. (2005) found that a surround either of orthogonal orientation or opposite contrast polarity reduced this suppressive effect, i.e., they both contribute to the visibility of the central region. However, the two cues combined had no greater effect than one on its own. This is what we find when the surround is presented 50-100 ms ahead of the centre-the same size of tilt illusion occurs, regardless of whether the centre and surround only differ in orientation or in both contrast and orientation (Fig. 3) . They also found that a surround containing the contrast cue affected the response to the centre differently over time than surrounds containing both the orientation and contrast cue. This ties in with our findings that these two conditions affect the perception of the centre maximally at different times. We saw that the orientation cue alone causes a peak in the illusion at 0 SOA, but this disappears when both cues appear together, altering the optimal timing.
Reductions in the TI we observed may be due to orientation mechanisms being tuned to spatial frequency, temporal frequency, and possibly also disparity, and it appears perhaps contrast tuned. These low level mechanisms underlie the segregation process.
In conclusion, examining the effect of a surround on the perceived orientation of the centre over time has enabled us to put the tilt illusion in its spatial and temporal context. In particular, we have found that previously observed differences in the size of the illusion due to the introduction of either a spatial gap or contrast differences between centre and surround appear to be specific to simultaneous presentation of centre and surround; at different SOAs the difference disappears. This has given us an insight into how temporal and spatial separation, contrast, and depth segregation cues can reduce the tilt illusion. We find that the tilt illusion is most pronounced when orientation contrast is our only cue, indicating a functional role for the mechanisms underlying the tilt illusion in surface segregation.
